The natural product annoquinone-A (1), the 1,4-phenanthrenequinones 41-75 and the 9,10-dihydro-1,4-phenanthrenequinones 76-81 were prepared by Diels-Alder reaction of the styrenes 23-37 with the benzoquinones 38-40. The sterically hindered 5-methoxy compounds, which adopt a twisted conformation as shown by X-ray analysis, are only formed in trace amounts or as the less hindered 9,10-dihydro-1,4-phenanthrenequinones 76-81. The twisted conformation also leads to characteristic changes in the NMR spectra and the redox potential. Reaction of methoxybenzoquinone with styrenes preferentially affords the 3-methoxy-1,4-phenanthrenequinones. Selective ether cleavage of the 5-methoxy group in 60 leads to the natural product denbinobine (3). Small amounts of C-9 hydroxylated compounds (57, 66, 68, 73, and 75) were also formed in the Diels-Alder reactions. In an alternative synthesis, using the photocylization of the stilbenes 84-87 followed by CAN oxidation, the 1,4-phenanthrenequinones 45, 51, 59 [methyl ether of cyprepidine (2) 
Introduction
Phenanthrenequinones of non-terpenoide origin occur relatively rarely in the plant kingdom, [1] [2] [3] [4] [5] whereas highly oxygenated phenanthrenes such as orchinol or hircinol from orchids [6] [7] [8] [9] [10] [11] [12] playing an important role as phytoalexins (review 13 ), are more widely distributed. Other hydroxy-or methoxyphenanthrenes have been used in traditional medicine and were isolated from Tannus communis, 14 Combretum species (termite resistant, 5, 15, 16 tropical hardwood 17 ), or more recently from Eulophia nuda. 18, 19 Some of the phenanthrenequinones isolated from various sources may be derived from the hydroxylated phenanthrenes by oxidation.
Three major groups of 1,4-phenanthrenequinones may be distinguished according to their structure and biosynthesis. Representatives of the first group are hydroxy-and methoxy- Contact dermatitis of the hands and the face were described by botanists collecting fieldgrown lady's slippers as early as 1875 26 and 1894. 27 Recently, the first allergenic 1,4-phenanthrenequinone cypripedine (2) was isolated from Cypripedium calceolus 3 and the east Indian rosewood (Dalbergia latifolia) containing latinone (4) 4 is also known for allergyinducing properties. 15 In order to learn more about the relationship of structure and sensitizing properties, 28 and to study the chemistry and electrochemistry a number of known and new 1,4-phenanthrenequinones belonging to the first group were synthesized. Two methods were applied in the synthesis of 1,4-phenanthrenequinones. A direct method is the Diels-Alder reaction of styrenes and benzoquinones 1, 4, [29] [30] [31] [32] [33] [34] [35] that leads to the substituted phenanthrenequinones or the corresponding dihydo compounds as depicted in Scheme 1.
Recently, this synthesis has been used in connection with the preparation of the carcinogenic The formation of two different regioisomers was possible in the reaction of the styrenes 25, 30 and 32 with benzoquinone 38. The structures were assigned based on the increments shown in Table 2 . Only in the reaction of 25, a 1,4-phenanthrenequinone 43 with a sterically hindered methoxy group at C-5 was formed in low yield (2 %) in addition to the major 7-methoxy compound 45 (15 %) . The sterically favored regioisomers 51 and 53 were the only products detected in the other cases. A sterically hindered methoxy group at C-5 was present in the products that furnished exclusively the 9,10-dihydro-1,4-phenanthrenequinones 77 and 80. Evidently, in the twisted dihydro compounds, there is less steric compression introduced by a 5-methoxy group than in the corresponding dehydrogenated 1,4-phenanthrenequinones. 49, 50 The release of strain is also seen in the upfield shift of 5-H resonance in the 1 H NMR spectra of the 9,10-dihydro compounds by almost 1 ppm compared reaction allows the synthesis of C-5 substituted 1,4-phenanthrenequinones by subsequent palladium catalyzed dehydrogenation. This is in contrast to the photocyclization of stilbenes where C-5 methoxylated phenanthrenes are not formed (see below).
The chromatographic analysis of the Diels-Alder reactions revealed the presence of polar hydroxylated 1,4-phenanthrenequinones in five cases. The position of the hydroxy group could not unambiguously be deduced from the spectral data alone. Therefore, an X-ray analysis was undertaken that proved the structure of 66. 51 The phenolic groups in the other compounds were also located at C-9 as shown by comparison of their NMR spectra with 66
and the structures had to be represented as 57, 66, 68, 73, and 75, respectively. The origin of the oxygen atom introduced during the Diels-Alder reactions probably arises from air oxygen but the mechanistic pathway remains unclear at the present time.
Several regioisomers can theoretically be formed in the reaction of methoxybenzoquinone (39) with the styrenes 23-37. In practice, the number is reduced to two isomers because the addition occurs only at the non-substituted ethylene linkage of the benzoquinone, probably for steric as well as electronic reasons. 30, 47 However, two regioisomers result depending on the relative orientation of the styrene and the methoxybenzoquinone. There is a controversy in the literature concerning this stereochemical question. Kashisawa et al. 30 state that 3-methoxy-1,4-phenanthrenequinone (1) is formed in the reaction of styrene 7 with 39 in contrast to Lora-Tomaya 47 who deduced the C-2 position based on chemical degradation. The chemical shifts in the 1 H-NMR spectra for the quinoide protons at C-2 or C-3 are too small to be significant (∆ = 0.06 ppm for 1 and 42) but the 13 C-NMR chemical shifts differ significantly and an assignment would be possible if the location of the methoxy group in compounds with a related structure would be know. The structures of two major products 49 and 64 from the reaction of the styrenes 23 and 26 with 39 were determined by X-ray analysis showing that the methoxy group was located at C-3. 52 Comparison of the 13 C-NMR spectra showed that all major regioisomers (1, 63, 64, and 74) had a methoxy group at C-3 and the minor isomers 42, 58, 59, and 70 had a methoxy group at C-2. In seven other cases (47-49, 61, 62, 71, and 72) the 3-methoxy-1,4-phenanthrenequinones were the only products that could be isolated in 1
Photocyclization
The photocyclization of stilbenes to phenanthrenes is probably one of the most often used photochemical reactions. 39, 40 The multistep conversion comprises isomerization of E-stilbenes to Z-stilbenes, followed by cyclization of intermediate radicals to dihydrophenanthrenes that are irreversibly dehydrogenated to phenanthrenes in the presence of oxidants. 37 The stilbenes 84-87 required for our investigation were prepared by Wittig reaction using the procedure of The preferential formation of the less hindered regioisomer has also been observed in hydroxylated precursors. 7 A methoxy group was eliminated during the irradiation of 87 yielding the 1,2,6,7-tetramethoxyphenanthrene 91.
The subsequent oxidation to 1,4-phenanthrenequinones can be effected by ether cleavage followed by air oxidation 31 or in one step using ceric ammonium nitrate (CAN). 53, 54 In the clean oxidation, the reagent preferentially cleaved the para-methoxy groups of the tri-and Dendrobium nobile Lindl. Structure 3 was assigned to the natural product, but the position of the methoxy group at C-3 was merely based on the assumption that the molecule is of acetogenin origin. However, as recently pointed out by Thomson, 4 phenylalanine is incorporated into two rings of the very common oxygenated phenanthrenes in orchids such as hircinol.
In the synthesis of 3, we started from the 9,10-dihydro 1,4-phenanthrenequinone 80 which could be dehydrogenated with palladium/charcoal to 60 in 95 % yield. The crucial step was the selective demethylation of the trimethyl ethers 80 and 60 that could be effected by treatment with one equivalent of trimethlysilyl iodide 55 to afford 94 and 3 in 72 and 62 % yields, respectively. This remarkable selectivity in the cleavage of the sterically hindered methyl ether even in preference of the vinylogous ester (OMe at C-3) is a characteristic feature of the angular arrangement of 1,4-phenanthrenequinones. Comparison of the data of 3 with published values for the natural product 21 shows identity of the melting point (215 o C) and good agreement of the 1 H-NMR spectra and the 
The Thiele-Winter reaction
In the Diels-Alder reaction of styrenes with methoxybenzoquinone (38) , only traces of the corresponding 2-methoxy-1,4-phenanthrenequinones could be isolated. We have investigated the possibility to prepare these compounds in connection with a synthesis of cypripedine by introducing an additional oxygen atom at C-2 and/or C-3 into the quinone part using the were measured to determine redox potentials for possible correlation with their allergenic and sensitizing properties. 28 The voltammetric measurements were performed in highly purified acetonitrile 60 under rigorous exclusion of water. 61 Under these conditions, the resulting anions and most dianions are quite persistent. Figure 3 shows the cyclic voltammogram of 45 with two successive one-electron transfers. The electrochemical data determined with a home-built computer-controlled apparatus are collected in Table 3 (for definition of values see legend of Figure 3 ).
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It is interesting to observe that methoxy-substitution on the distant ring C (positions 5-8, cathodic peak potential 1. ET, E pc2 : cathodic peak potential 2. ET, E pa1 : anodic peak potential 
General procedure 1. Benzylation of phenols
To a solution of NaOH (416 mg, 1.0 mmol) in (7.4 mL) was added the phenolic benzaldehyde (6.6 mmol) in dimethyl sulfoxide (2 mL) and benzyl chloride (1.2 mL, 10.4 mmol). The mixture was stirred for 4-8 h at 20 °C under nitrogen (TLC monitoring) and then quenched by addition of ice-water. The mixture was extracted with diethyl ether (50 mL), the organic phase washed three times with water (50 mL), dried (Na 2 SO 4 ), and concentrated at reduced pressure. The residue was purified by column chromatography on silica gel to afford the respective benzyl ethers. 
2-Benzyloxy-3-methoxybenzaldehyde (19

3-Benzyloxy-2-methoxybenzaldehyde (20).
According to procedure I, 3-Acetoxy-2-methoxybenzaldehyde (1.28 g, 6.6 mmol) was benzylated to give 20, yield 1.459 g (91%). IR: 
General procedure 2. Synthesis of styrols by Wittig reaction
A solution of the benzaldehyde (10 mmol), methyltriphenylphosphonium bromide (4.286 g, 12 mmol), K 2 CO 3 (6.63 g, 48 mmol) and 18-crown-6 (30 mg) in dry THF (30 mL) was stirred under nitrogen at 60 °C (3-6 h, TLC monitoring). 42 The solvent was removed under reduced pressure and the residue was purified by column chromatography on silica gel (petroleum ether) to afford the styrols. Known stryrols are only characterized by their 1 H NMR spectra. 
2-Benzyloxy-3-methoxystyrol (35
General procedure 3. Synthesis of 1,4-phenanthenequinones by Diels-Alder reaction
A solution of the styrene (3.4 mmol), 1,4-benzoquinone (17 mmol), 2-methoxy-1,4-benzoquinone or 2,3-dimethoxy-1,4-benzoquinone (each 17 mmol) and trichloroacetic acid (34 mg) were heated to 100 °C in toluene for the times indicated in Table 1 . The crude product was chromatographed on neutral alumina (dichloromethane). The solvent was removed under reduced pressure and the residue sublimed to remove the benzoquinone. The residue was chromatographed on silica gel (CH 2 Cl 2 ) and the pure fractions crystallized from petroleum ether. For yields, melting points and reaction times see Table 1 . 
Stilbene-cyclizations. General procedure 5
The stilbenes 84-87 were prepared by Wittig reaction of the aldehydes 11, 13, and 17 with the phosphonium salts 82 and 83 according to the General Procedure I (modification of Boden. 
